Checkpoint kinase inhibition has been studied as a way of enhancing the effectiveness of DNA-damaging agents. More recently, histone deacetylase inhibitors have shown efficacy in several cancers, including non-Hodgkin lymphoma. To evaluate the effectiveness of this combination for the treatment of lymphoma, we examined the combination of AR42, a histone deacetylase inhibitor, and checkpoint kinase 2 (CHEK2) inhibitor II in vitro and in vivo. The combination resulted in up to 10-fold increase in potency in five Burkitt lymphoma cell lines when compared with either drug alone. Both drugs inhibited tumor progression in xenograft models, but the combination was more effective than either agent alone, resulting in regression of established tumors. No toxicity was observed. These results suggest that the combination of histone deacetylase inhibition and checkpoint kinase inhibition represent an effective and nontoxic treatment option that should be further explored in preclinical and clinical studies. online address: http://www.molmed.org
in more relaxed chromatin, making it more accessible to DNA-damaging agents and changing the expression of genes involved in DNA damage recognition and repair, apoptosis and tumor suppression (15) . Besides their effect on chromatin remodeling, over 50 transcription factors, DNA repair enzymes and other proteins have been shown to be targets of HDACIs (16) . Currently, three such drugs are FDA-approved for the treatment of NHL (vorinostat, belinostat and romidepsin); a number of others are in clinical development for various hematologic malignancies (17, 18) . AR42, a phenylbutyrate-derived pan-HDACI, has been shown to have cytotoxic activity in several malignancies (4) (5) (6) (7) 9, 19, 20) . More recently, AR42 and other HDACIs have been reported to synergistically increase the cytotoxic activity of the α-CD22 monoclonal antibody (mAb) HB22.7 (14) and the α-CD20 mAb rituximab (11-13) on NHL cells.
Checkpoint kinases 1 and 2 (CHEK1 and CHEK2) are part of the DNA damage recognition and repair cascade; their activation leads to cell cycle The use of epigenetic modulators has had some success in the treatment of a number of malignancies, including NHL. Histone deacetylases mediate chromatin remodeling by removing acetyl groups from lysine residues in the core histones, which results in a more compact, transcriptionally repressed chromatin. Histone deacetylase inhibitors ( HDACIs) have been shown to inhibit the proliferation of cancer cells in vitro and in vivo in a variety of malignancies (4) (5) (6) (7) (8) (9) , including lymphoma (10) (11) (12) (13) (14) . HDACIs are hypothesized to suppress cancer cell proliferation through histone hyperacetylation, resulting
InTRoDUCTIon
Non-Hodgkin lymphoma (NHL) is the sixth most common cause of cancer-related death in the United States and its incidence has nearly doubled since the early 1970s. Over 65,000 new cases of NHL are diagnosed each year in the United States and approximately 332,000 people are currently living with this disease (1) (2) (3) . While current treatments have resulted in improved response rates, the majority of patients with NHL still succumb to this disease. The toxicity of current therapy often limits its efficacy, especially in the elderly. 
Efficacy of Combined Histone Deacetylase and Checkpoint Kinase Inhibition in a Preclinical Model of Human Burkitt Lymphoma

Cell Cycle
Cell cycle subpopulations were quantified by DNA content measured by flow cytometry after propidium iodide (PI) staining. Cells (10 6 ) were collected after treatment by centrifugation for 5 min at 200g, washed twice with cold PBS, resuspended in 0.5 mL of PBS and fixed overnight in ice-cold 70% ethanol at -20°C. For PI staining, the cells were washed with cold PBS and resuspended in 1 mL of 20 mg/mL PI, 0.1% Triton X-100 and 200 mg/mL RNase A in PBS for 30 min at RT. Data was acquired using a Becton Dickinson FACSCalibur cytometer and fitted with FlowJo software (Tree Star Inc.) using the Watson Pragmatic model.
Apoptosis
Cells (1 × 10 6 /mL) were incubated with AR42 (1 μmol/L), CHEK2i (5 μmol/L) or both for 24 or 72 h, washed in cold PBS and resuspended in annexin binding buffer (10 mmol/L HEPES, 140 mmol/L NaCl, 2.5 mmol/L CaCl 2 , pH 7.4). One hundred μL of the cell suspension were stained with 5 μL of annexin-FITC (BD Pharmingen) and 1 μg/mL PI according to the manufacturer's instructions. Data (50,000 events/sample) were acquired in a Becton Dickinson FACSCanto instrument and analyzed with FlowJo software. Untreated cells were stained as controls. Unstained and single-stain controls were used for compensation.
Clonogenic Survival Assay
Colony formation assays in soft agar were performed as described previously (14) . Cells were treated for 7 d with 1.6 μmol/L CHEK2i, 0.25 μmol/L AR42 or the combination of both. Controls were treated with vehicle only. The colonies that formed from surviving cells were fixed with a mixture of methanol and acetic acid (10:1, v/v) and stained cell lines and a human NHL xenograft model. This report is the first to examine the effects of these two agents on human NHL cells. These studies show that this combination has synergistic in vitro and in vivo lymphomacidal activity and, given the availability of FDA-approved HDACIs, this represents a promising strategy for human clinical trials.
MATERIALS AnD METHoDS
Reagents
AR42 (OSU-HDAC42, (S)-N-hydroxy-4-(3-methyl-2-phenylbutanamido) benzamide) was purchased from Selleckchem. The CHEK2 inhibitor II (CHEK2i) 2-(4-(4-chlorophenoxy)phenyl)-1H-benzimidazole-5-carboxamide hydrate was obtained from Sigma-Aldrich. Goat anti-mouse IgG PE-Cy5 was purchased from Santa Cruz Biotechnology. Anti-p21 and β-actin antibodies were purchased from Cell Signaling Technology. MTSbased cell proliferation kits and secondary antibodies conjugated to HRP were purchased from Promega.
Cell Lines
The lymphoma cell lines CA46, Raji, Ramos, Daudi, DG75 and HAMALWA were purchased from American Type Culture Collection (ATCC). All cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin G and 100 μg/mL streptomycin and incubated at 37°C in a humidified 5% CO 2 incubator.
In Vitro Cytotoxicity
Cells were plated in 96-well plates at a density of 5 (24) . Under these conditions, multinuclear HeLa syncytia do not arrest at the G2/M boundary and rather enter mitosis and subsequently die during metaphase (24) . Therefore, inhibition of CHEK2 can sensitize proliferating cells to chemotherapy-induced apoptosis. Targeting of CHEK2 with small interfering RNA prevents survivin release from the mitochondria and enhanced apoptosis following induction of DNA damage by ionizing radiation or doxorubicin and inhibits the growth of resistant tumors in vivo. Expression of a dominant negative CHEK2 potentiates cytotoxicity in HCT116 colon carcinoma cells to doxorubicin (25) . CHEK2 inhibitors have been shown to be effective against myc-driven NHL, where inhibition of CHEK kinases results in marked enhancement of DNA damage and apoptosis (26) . Here, we examine the effects of combining the HDACI AR42 and the CHEK2 inhibitor II (CHEK2i) on in vitro cytotoxicity and in vivo efficacy using human NHL
RESULTS
Cytotoxic Effects of AR42 and CHEK2i on nHL Cell Lines
The cytotoxicity of AR42 and CHEK2 inhibitor II both individually and in combination was initially examined in Raji NHL cells. Cells were treated at indicated concentrations and assessed using a viability assay at 12, 36 and 72 h. Consistent with previous studies, both agents were cytotoxic when used alone, with statistically significant differences (relative to untreated controls) observed at 36 and 72 h. Treatment with the combination of AR42 and CHEK2i resulted in increased cell death. Indeed, significantly higher cytotoxicity was observed with the combination as early as 12 h after treatment when compared with either drug alone, and this continued over a 72-h time course ( Figure 1A ). To further evaluate the cytotoxic potential of the inhibitor combination, we extended the analysis by determining the IC 50 of either drug alone and the combination on 5 NHL cell lines: CA46, DG75, NAMALWA, Raji and Ramos. All the cell lines were similarly sensitive to AR42 ( Figure 1B , left panel), while CHEK2i was more cytotoxic for Raji and Ramos ( Figure 1B , center panel). The cytotoxicity of the combination was examined by dose-escalating AR42 combined with a fixed dose of CHEK2i (5 μmol/L). The combination prior to the start of any experiment. Three days after whole body irradiation (400 rads), 5 × 10 6 Raji cells in 100 μL PBS were implanted subcutaneously in the flank to establish tumors. After tumors reached >300 mm 3 , mice were randomly assigned to one of four treatment groups (7 animals/group): control (vehicle only), CHEK2i (1.0 mg/kg/dose), AR42 (10 mg/kg/dose), or combination of CHEK2i (1.0 mg/kg/dose) and AR42 (1.0 mg/kg/dose). Doses were based on previously published studies (14, 27) . Treatment consisted of intraperitoneal injections every other day for 45 d. Tumor size was measured three times per week and volume was calculated as
52. Blood was collected at the indicated times for toxicity analysis and body weight was recorded for the length of the study.
Statistical Analysis
In vitro cytotoxicity data, soft agar colony formation assays and resected tumor weight were analyzed by a two-tailed, unpaired Student t test. To obtain IC 50 values, the dose-response data was fitted to a dose-responseinhibition curve. All statistical analysis was performed using GraphPad Prism software. A p value of <0.05 was considered significant. For pharmacological interactions, additive versus synergistic effects of the drugs were evaluated using CompuSyn software (28) .
with 1% crystal violet in methanol. Colonies >5 mm were counted and the fraction of surviving cells was calculated.
Immunoblot Analysis
Raji cells (10 7 cells) were treated with 1 μmol/L AR42 and/or 5 μmol/L CHEK2i for 24 h and collected by centrifugation, washed with PBS, and suspended in lysis buffer (20 mmol/L Tris-HCl pH 7.4, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% Triton X-100, 1 mmol/L Na 3 VO 4 , 1 mg/mL aprotinin, 1 mg/mL leupterin and 1mmol/L PMSF). Equal amounts of protein lysate were separated by SDS-PAGE, and transferred to PVDF membrane (Millipore). The membranes were probed with primary antibodies for p21 and β-actin (as a load control) overnight at 4°C followed by secondary antibodies conjugated to HRP and visualized by enhanced chemiluminescence (ECL).
Xenograft Studies
Female, 6-8-wk-old female athymic nude mice (Harlan) were maintained in microisolation cages under pathogen-free conditions in the University of CaliforniaDavis animal facility. All procedures were conducted under an approved protocol according to guidelines specified by the National Institutes of Health-adopted Guide for the Care and Use of Laboratory Animals (eighth edition, 2011). Mice were allowed to acclimatize for at least 4 d a mild increase in p21 levels, while AR42 treatment markedly increased the protein level ( Figure 2C ). The combination treatment did not seem to further increase p21 levels beyond those induced by AR42 alone. TP53 levels were not affected by any of the treatments, nor was its activity, as assessed by the levels of phosphorylated TP53 protein ( Figure 2C ).
AR42, but not CHEK2i, Induced Apoptosis in nHL Cells
To further investigate the mechanisms by which these drugs exert lymphomacidal activity, we stained cells for early apoptosis using annexin V. Counterstaining with PI was used to identify late-apoptotic and necrotic cells. As shown in Figure 2D , and consistent with what has been reported previously (10), a substantial increase in the apoptotic population was observed when CA46 cells were treated with AR42. Treatment with CHEK2i, however, did not result in increased apoptosis when compared with untreated controls, even after 72 h of incubation. When used in combination with AR42, CHEK2i did not further increase the apoptotic effect of AR42. Similar results were obtained for all cell lines in this study ( Figure 2E ). When compared with untreated controls, there was a significant (p < 0.01) increase in apoptosis after treatment with AR42 or the combination, but not after treatment with CHEK2i alone. The apoptotic effect of the combination was not significantly different from that of AR42 alone.
cycle progression in Raji cells. When compared with untreated controls, treatment with AR42 resulted in an increase in the G0/G1 population, suggesting a G1 arrest (Figures 2A, B) . On the other hand, treatment with CHEK2i increased the S population, consistent with abrogation of the G1/S checkpoint as expected (Figures 2A, B) . Treatment with the combination of both inhibitors resulted in a further increase in the G0/G1 population when compared with either untreated controls or single drug treatments; the S phase was reduced when compared with CHEK2i alone, as was the G2/M population when compared with all other groups. In all cases, the magnitude of change in cell cycle phases was small but statistically significant (p < 0.05) when analyzed by two-way ANOVA with Tukey multiple comparison test (Table 3) .
To determine if the observed changes in cell cycle correlated with expression of the cell cycle regulators p21 and/ or TP53, Raji cells were examined for p21expression using immunoblotting. Treatment with CHEK2i resulted in of both inhibitors was more cytotoxic than either drug alone ( Figure 1B, right  panel) . The IC 50 ranged from 0.4 μmol/L (NAMALWA) to 1.2 μmol/L (DG75) for AR42 and from 3.6 μmol/L (Ramos) to 6.3 μmol/L (CA46) for CHEK2i, while the IC 50 for the combination were between 0.07 and 0.15 μmol/L, representing a four-fold (NAMALWA) to 10-fold (Raji) increase in potency (Table 1) . This increase was achieved with a fixed dose of CHEK2i of 5 μmol/L, which is near its IC 50 for the cell lines used in this study. The combined effect of AR42 and CHEK2i was synergistic, as determined by isobologram analysis and combination index (CI). CI values <1, (indicative of synergism, 29) were obtained in all five cell lines ( Table 2) .
CHEK2i Enhances AR42 Inhibition of Cell Cycle Progression
Since both histone deacetylase inhibition and checkpoint kinase inhibition are known to modulate the cell cycle, we evaluated the effects of AR42, CHEK2i and the combination on cell 
In Vivo Lymphomacidal Activity of AR42 and CHEK2i
To assess preclinical efficacy and validate the previous in vitro findings, nude mice bearing Raji xenografts were used. Cells were implanted in previously untreated controls (p = 0.0021, Figure 3) . Treatment with CHEK2i resulted in a slightly reduced number of colonies, which was not significant (p = 0.081). However, treatment with the combination of both inhibitors resulted in more inhibition when compared with either AR42 alone (p = 0.008) or CHEK2i alone (p = 0.0002), indicating that CHEK2i
AR42 and CHEK2i Inhibit growth in Soft Agar
To further validate the anticancer activity of AR42 and CHEK2i, we examined the ability of these drugs to inhibit in vitro anchorage-independent growth of Raji cells (30) . AR42 effectively reduced colony formation on soft agar when compared with difference was observed in any of the treatment groups when compared with controls ( Figure 5A ), blood cells, platelets and hemoglobin remained at normal levels (Figures 5B-E) and both liver (Figures 5F, G) and renal ( Figures 5H, I ) function were preserved in all treatment groups.
DISCUSSIon
In Vitro Cytotoxicity of AR42 and CHEK2i AR42 has only recently been evaluated as a cancer therapeutic. It is a pan-HDAC inhibitor and has been shown to suppress tumor growth in U87MG glioblastoma and PC-3 prostate cancer cells by disrupting HDAC-protein phosphatase 1 (PP1) complexes (5) . Previous reports have shown that AR42 blocks cancer cell proliferation and elicits cell cycle arrest (4), and it has been reported to be effective against B-cell malignancies by inducing caspase-dependent apoptosis (7, 31) . Indeed, several HDACIs are now in clinical trials for a range of cancers. Checkpoint inhibition represents a more established anticancer therapy (32) . CHEK1 and CHEK2 are key components of the DNA-damage response, and ( Figure 4B ), while tumors from mice treated with AR42 or CHEK2i were 0.46 ± 0.31 and 0.49 ± 0.41 g respectively, representing a 60% reduction in weight when compared with untreated controls. The average tumor weight from animals treated with the combination of AR42 and CHEK2i was 0.21 ± 0.2 g, representing a reduction of 86% when compared with untreated controls, 54% when compared with AR24 alone and 57% when compared with CHEK2i alone. It should be noted that tumor weight differences for either drug alone versus the combination was not statistically significant in this study; however, duration of the treatment, the kinetics of response and/ or initial tumor burden were not assessed and may alter this endpoint.
To assess toxicity of the individual drugs or the combination, body weight was monitored throughout treatment and blood was collected for cell counts and chemistries. No significant body weight irradiated mice and treatment initiated when tumors reached >300 mm 3 . When compared with control animals (vehicle alone), CHEK2i dramatically blocked tumor progression ( Figure 4A ), which is consistent with reports in other cancer models and our own previous findings (14) , AR42 also significantly inhibited progression of NHL xenografts in this model. Moreover, the combination of AR42 and CHEK2i was even more effective that either drug alone. Mice treated with either of the inhibitors alone showed relatively stable tumor burden, which did not exceed 700 mm 3 for the duration of the study. In contrast, mice subject to the combination treatment showed tumor regression after 3 wks of treatment, and this persisted for the duration of the study, with tumors < 300 mm 3 . When tumors were dissected at the end of the study, we found that the average tumor weight from untreated animals was 1.55 ± 0.89 g lines tested, the combination of both inhibitors resulted in a four-to 10-fold increase in potency, supporting our hypothesis that these agents are more effective when combined.
In an effort to understand the mechanism by which the combination of these agents produce enhanced cytotoxicity, we examined the effects on the cell cycle progression and apoptosis. Not surprisingly, CHEK2i modulated cell cycle progression by enhancing entry of cells into S phase by inhibiting G1 checkpoint. Previous reports have also shown that AR42 blocked cell cycle progression (4) . When the two drugs were used together, they produced an additive effect on cell cycle progression, as cells in the G0/G1 phase increased from approximately 40% to almost 60%. The major mechanism of HDACIs is believed to be through changes in the transcription of several genes involved in proliferation and cell cycle regulation. In particular, AR42 upregulates expression of p21 (40, 41) . This protein is known to bind to CDK/cyclin complexes and decrease kinase activation, which leads to cell accumulation in the S and G2/M. On the other hand, several different HDACIs have been shown to increase expression of p21 in several different tumor cell lines (42, 43) . CHEK2 also has been shown to activate p21 (44) . In our experiments, we observed a modest induction of p21 upon treatment with CHEK2i and, in agreement with previous reports, a very significant increase in p21 levels when cells were treated with the HDACI AR42. However, the combination of AR42 and CHEK2 inhibition did not further increase p21 above levels seen with each agent alone, which suggests that additional mechanisms that are independent of p21 are responsible for the increase in cytotoxicity and the accumulation in G0/G1. Furthermore, AR42 markedly induced apoptosis as measured by annexin V staining, but CHEK2i did not, and the combination did not enhance the apoptotic effect of AR42. Therefore, the in vitro and in vivo observations presented in this paper showing both additive and synergistic activity (36) . Several reports have shown successful results in multiple myeloma (37) (38) (39) . Here, we present evidence for the first time that AR42 and CHEK2i show promising preclinical activity using a human NHL xenograft model.
The results presented herein indicate that the combination of AR42 and CHEK2i has higher cytotoxic activity than either drug alone; this is supported by similar results obtained in five NHL cell lines. Individual IC 50 values presented in Table 1 closely match IC 50 s determined in previous studies from our lab (14) and others (7), further validating our results. In all five cell inhibitors to these kinases lead to checkpoint abrogation, inhibition of DNA repair and cell death (10, 32) . Many current cancer treatments are based on DNA damage, and their efficacy is dependent on the cellular response to such damage. Therefore, CHEK inhibitors have been studied extensively in combination with radiation and DNA-damaging drugs, and several have entered clinical trials (33) (34) (35) . However, not nearly as much research effort has been invested in the study of CHEK inhibition in combination with other cancer therapeutic approaches.
Numerous studies have attempted to use HDACIs in combination treatments, treatment in additional in vivo human NHL xenograft models that represent the different subtypes of lymphoma seen clinically, and this could set the basis for future clinical evaluation. Using a Raji xenograft model, we present evidence here that the combination of AR42 and CHEK2i improved preclinical efficacy when compared with either drug alone. Furthermore, the combination treatment has no significant toxicity as assessed by body weight, blood counts and blood chemistry. Based on our findings, we propose that HDAC inhibition and CHEK2 inhibition is an attractive combination for further investigation.
with in vitro cytotoxicity and the in vivo antitumor activities described herein, AR42 and, to a lesser extent, CHEK2i effectively inhibited colony formation in soft agar. When used in combination, CHEK2i further enhanced AR42-mediated inhibition. Previous results with different HDACIs (vorinostat and panobinostat) showed only temporary colony inhibition in a colorectal cancer cell model (45) . The current results suggest that CHEK2 inhibition may be an effective way to improve on the HDACI antitumor properties.
ConCLUSIon
The results described thus far justify evaluation of the combination cannot be explained solely by increased activation of the p21 pathway or by the triggering of apoptotic pathways. Clearly, other cellular signaling, cell cycle regulatory and/or apoptotic mechanisms must be at play; understanding of this is the focus of further studies.
Cancer cells are known for their ability to proliferate independently of external signals. Anchorage-independent growth is an acquired characteristic of transformed cells, which can be evaluated in vitro by their ability to form colonies in soft agar (30) . In this study we evaluated the efficacy of AR42 in combination with CHEK2i in inhibiting anchorage-independent proliferation of Raji cells. Consistent 
